The cell cycle regulatory retinoblastoma (Rb) protein is a key regulator of neural precursor proliferation; however, its role has been expanded to include a novel cell-autonomous role in mediating neuronal migration. We sought to determine the Rb-interacting factors that mediate both the cell cycle and migration defects. E2F1 and E2F3 are likely Rb-interacting candidates that we have shown to be deregulated in the absence of Rb. Using mice with compound null mutations of Rb and E2F1 or E2F3, we asked to what extent either E2F1 or E2F3 interacts with Rb in neurogenesis. Here, we report that E2F1 and E2F3 are both functionally relevant targets in neural precursor proliferation, cell cycle exit, and laminar patterning. Each also partially mediates the Rb requirement for neuronal survival. Neuronal migration, however, is specifically mediated through E2F3, beyond its role in cell cycle regulation. This study not only outlines overlapping and distinct functions for E2Fs in neurogenesis but also is the first to establish a physiologically relevant role for the Rb/E2F pathway beyond cell cycle regulation in vivo.
Neurogenesis is a highly regulated process by which neural precursors divide and differentiate, giving rise to the cells that make up the nervous system (reviewed in references 24 and 25) . While the role of cell cycle genes in regulating proliferation of neural precursor cells is well appreciated, accumulating data point convincingly to their unique roles in regulating diverse cellular processes, independent of cell cycle regulation (reviewed in reference 63). The retinoblastoma (Rb) tumor suppressor is a key cell cycle regulator that we along with others have shown to play a number of roles in neurodevelopment including proliferation, survival, and, more recently, neuronal migration (7, 8, 10, 18, 19, 33, 40, 52) . Differentiating Rb-deficient neural precursor cells exhibit delayed cell cycle exit, while the absence of Rb in the telencephalon leads to ectopic proliferation of neural precursor cells and enhanced brain size at midgestation (7, 19, 52) . In a recent study we described a role for Rb in regulating the survival of discrete neuronal subpopulations and a novel cell autonomous role for Rb in regulating neuronal migration (18) .
The mechanism by which Rb regulates neurogenesis and the extent to which defects in migration and survival are the result of cell cycle deregulation remain unknown. While Rb is known to interact with numerous proteins (reviewed in reference 67), many of which are expressed in quiescent cells or have cell cycle-independent functions, members of the cell cycle regulatory E2F family are likely targets in neurogenesis. The E2F family of transcription factors is comprised of E2Fs 1 to 8; however, E2F1, E2F2, and E2F3, the so-called activating E2Fs, are key Rb-interacting targets best known for their role in promoting cell cycle progression (9, 14, 17, 48, 49, 54 ; reviewed in reference78). Both E2F1 and E2F3 are likely candidates involved in Rb-mediated regulation of neurogenesis. Deficiency of either E2F1 or E2F3 was observed to correct the ectopic proliferation observed in the central nervous system (CNS) in germ line Rb deficiency alone, and both E2F1 and E2F3 are grossly deregulated in proliferating neural precursors in the absence of Rb (7, 75, 81, 93) .
While E2F1 and E2F3 are key regulatory targets in the Rb signaling pathway, the extent to which each contributes to Rb-mediated neurogenesis is unknown. Whether E2F1 and E2F3 are functionally redundant or are capable of unique function is still subject to debate and likely depends on the context examined. Individually, E2F1 is a tumor suppressor, and its deficiency results in mice that are viable but develop tumors at an advanced age (92) . E2F1 expression is cell cycle regulated, with expression peaking at G 1 /S (reviewed in reference 78). A role for E2F1 in neurogenesis is indicated in the adult, where mice deficient for E2F1 exhibit decreased precursor cell division in the proliferative regions of the lateral ventricle and hippocampus (12) . By contrast, E2F3 is not known as a tumor suppressor, but mice lacking E2F3 do exhibit a developmental phenotype (11) . E2F3-deficient mice survive postnatally at a frequency of 25% on a mixed 129/Sv ϫ C57BL/6 genetic background, and no E2F3-deficient mice are born on a pure 129/Sv genetic background (11, 30) . Additionally, the E2F3 locus expresses two distinct transcripts, full-length E2F3a and N-terminal-truncated E2F3b transcribed from an intronic promoter within the E2F3 locus (27, 41) . E2F3a expression is cell cycle regulated and is similar to that of E2F1 (27, 41) . E2F3b, however, is expressed equivalently in quiescent and proliferating cells, is a specific partner for Rb in quiescent cells and thus may have an opposing role to E2F3a in cell cycle control (27, 41) .
As both E2F1 and E2F3 are expressed in the developing cortex starting from embryonic day 11.5 (E11.5) and are deregulated in the absence of Rb (7, 13) , we sought to determine the extent to which each is a target in Rb-mediated neurogenesis. Using mice with compound null mutations of Rb and E2F1 or E2F3, we describe both overlapping and unique functions for each. Here, we report that E2F1 and E2F3 are both functionally relevant targets in neural precursor proliferation, cell cycle exit, and laminar patterning. Each can partially mediate the Rb requirement for neuronal survival. Neuronal migration, however, is specifically mediated through E2F3. This study not only outlines overlapping and distinct functions for E2Fs in neurogenesis but also is the first to establish a physiologically relevant requirement for the Rb/E2F pathway beyond cell cycle regulation in vivo.
positive cells, and significant differences were assessed at ␣ values of 0.05. To assess neural progenitor proliferation in embryos, pregnant females were injected intraperitoneally with 50 g of BrdU/g of body mass and processed as above. BrdU-labeled cells were quantified over a 650-m region of dorsal cortex with a minimum of three matched sections counted per embryo. To assess cells in mitotic M phase, phospho-histone H3 (PH3) labeling was performed with rabbit polyclonal anti-PH3 (dilution of 1:100; catalog no. 06-570; Upstate Biotechnology) as previously described (19) . To assess cell death, either terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) (in situ end labeling kit; Roche) or active caspase-3 ([AC-3] 1:500; 559565 rabbit polyclonal; BD Pharmingen) immunohistochemistry combined with Hoescht nuclear staining was performed according to standard protocols (19) . To quantify cell death specific to the marginal zone, AC-3-labeled cells in the marginal zone were counted from the cingulate cortex to the dorsal-ventral boundary. Both hemispheres were quantified, and counts are expressed as the mean of the two hemispheres from four matched sections per embryo. To quantify cell death in the ventral telencephalon, AC-3-labeled cells were counted below the dorsalventral boundary from four matched sections per embryo. Reelin and calbindin immunolabeling were performed with the mouse monoclonal anti-reelin G10 (1:500; catalog no. 553731; Calbiochem) and rabbit polyclonal anticalbindin (D-28; 1:1,000) (item AB1778; Chemicon) as previously described (18) . Reelinlabeled cells were quantified along a 500-m region of dorsal cortex and temporal cortex from a minimum of four matched sections per embryo. Calbindinlabeled cells were quantified within the marginal zone or within the same area comprising all cells within the migratory route ("total") of each hemisphere from four matched sections per embryo and expressed as cells per 500-m length. For all immunohistochemistry, secondary antibodies were obtained from Molecular Probes and used at a concentration of 1:500. Cresyl violet staining was performed according to standard protocols, and cells in the marginal zone were quantified along a 500-m region of dorsal cortex and expressed as the mean from a minimum of four matched sections per embryo. Nonradioactive in situ hybridization and digoxigenin probe labeling were performed according to previously described protocols (85) . Tbr1 antisense riboprobe was used, as previously described (6) , and neogenin riboprobes were generous gifts of Helen Cooper, University of Queensland (22) , and Elke Stein, Yale University. E2F1 and E2F3 digoxigenin-labeled riboprobes were generated from pBS-IIKS-E2F1 and pBS-IIKS-E2F3 templates, containing 0.65-kb and 0.72-kb cDNA inserts, respectively, which were amplified by PCR with primers E2F1 (Forward, ATCGGAATTCT CTCTTTGACTGTGACT; Reverse, ATTAAAGCTTCGATCGGAAAACTT) and E2F3 (Forward, ATCGAAGCTTAGACTTGGCTTCTAACAACT; Reverse, TGGCAGAATTCCATTCCGTGGTAG) and verified by sequencing.
Microarray analysis. For microarray analysis, total RNA was extracted from tissue derived from ganglionic eminences at E14.5 from control and conditional Rb mutants using Trizol reagent according to the manufacturer's instructions (Invitrogen, San Diego, CA). Samples from embryos (n ϭ 6) were pooled for each genotype. RNA was sent to the Ottawa Genomics Innovation Centre Microarray Facility, where the Affymetrix Mouse Genome 430 2.0 Array was used for analysis.
EMSA. Electrophoretic mobility shift assay (EMSAs) were performed on total protein extracts from neural precursor cells as described previously (7), with the following modifications. Total cell protein was extracted in a lysis buffer (buffer A) and assayed by the method of Bradford (Bio-Rad protein assay reagent, catalog no. 500-0006). A 20-g aliquot of lysate was incubated with an excess of 32 P-labeled double-stranded DNA probe (70,000 cpm/0.2 ng of DNA) containing a single E2F-binding site: 5Ј-GGATTTAAGTTTCGCGCCCTTTCTCAA-3Ј. The binding reaction (25 l) was carried out at room temperature for 20 min in binding buffer (20 mM HEPES, pH 7.6, 4% Ficoll, 2.5% MgCl 2 , 40 mM KCl, 0.1 mM EGTA, 0.5 mg/ml acetylated bovine serum albumin, 0.5 mM dithiothreitol). To control for binding specificity, a 10-fold excess of unlabeled wild-type oligonucleotide was added to the binding reaction mixture and incubated for 20 min before the addition of labeled probe. To identify the composition of the complexes, tissue culture supernatant or purified antibody was added to the reaction mixture. Complexes were resolved on a 5.0% gel run for 4 h, dried, and visualized by autoradiography. The tissue culture supernatant containing the monoclonal pRb antibody 21C9 was a gift from David Cobrinik (77) . All other antibodies were purchased from Santa Cruz Biotechnology Inc. (E2F1, sc 193; E2F3, sc878 and sc878x). Immunoprecipitation-EMSA was performed as described previously (31) with the following modifications. For immunoprecipitation, 200 g of total protein from neural precursors was incubated with either 2 g of mouse monoclonal anti-human Rb antibody (catalog no. 554136; BD Biosciences) or equivalent mouse serum (Sigma M-5905) conjugated to protein G-Sepharose beads (17- vanadate, 0.4 mM sodium fluoride, 0.1% NP-40, 1 mM dithiothreitol, and protease inhibitors) for 1 h with gentle rotation. Beads were washed three to four times in 1ϫ shift buffer, followed by treatment with 16 l of 0.8% deoxycholate (DOC) for 10 min on ice to dissociate the E2F complexes. Following neutralization with 4 l of 6% NP-40, 5l of the supernatant was used for E2F EMSA as described above. Microscopy. Sections treated for immunohistochemistry were examined by a Zeiss Axioskop 2 microscope with standard fluorescence and bright-field or dark-field settings with 5ϫ (numerical aperture, 0.17) or 20ϫ (numerical aperture, 0.17) objectives, respectively. Images were captured using a digital black and white camera with Northern Eclipse software. For confocal microscopy, a Zeiss LSM 510 META on an Axiovert 200 M inverted microscope was used with images captured through the manufacturer's integrated digital imaging software. Figures were compiled using Adobe Photoshop CS2. Manipulations of brightness and intensity were made equally to all treatment groups.
RESULTS
E2F3 is a positive regulator of neural precursor proliferation. Previous studies have described a role for E2F1 in regulating neural precursor proliferation in vivo (12) ; however, little is known regarding the role of E2F3. As E2F3 is known as a major regulator of cellular proliferation (30; reviewed in reference 78), we first asked if E2F3 is also capable of regulating neural precursor proliferation using mice lacking E2F3. As cell cycle time of neural progenitors in the adult brain has been estimated to be 12.7 h (68), we administered a series of BrdU injections over 10.5 h (82) . Similar to what has been reported for E2F1, E2F3
Ϫ/Ϫ mice exhibited 35% fewer neural progenitors lining the lateral ventricles relative to littermate controls ( Fig. 1) Ϫ/Ϫ and littermate controls. No difference was observed in the number of dying cells along the lateral ventricles (data not shown). In the embryo, a similar 30% reduction in the number of proliferating cells and no difference in cell death were observed (data not shown). These results indicate that E2F3 is a positive regulator of neural precursor proliferation and point to functional redundancy among E2Fs in regulating neural precursor proliferation.
E2F1 and E2F3 are physiologically relevant Rb-interacting partners in vivo. While both E2F1 and E2F3 function independently in regulating neural precursor proliferation, the context-dependent nature of Rb/E2F interaction led us to ask whether E2F1 and E2F3 are physiologically relevant Rb-interacting partners in the developing nervous system. The nature of Rb/E2F complexes was examined in protein extracts of neural precursors derived from embryonic forebrain through EMSA, and complexes were identified using antibodies specific to E2F family members ( Fig. 2A) . In wild-type tissue, both free E2F1 and E2F3 as well as bound Rb/E2F activity are observed ( Fig. 2A, lane 1) , indicating that E2F1 and E2F3 are active in the context of neurodevelopment. Here, we also observe that Rb is bound predominantly to E2F3 and E2F1 as antibodies to E2F1 (Fig. 2A, lane 3) and E2F3 ( Fig. 2A, lane 5 ) displace the Rb band; however, E2F3 appears to be the more predominant Rb binding partner. To confirm that Rb is indeed binding to both E2F1 and E2F3 in neural precursor cells, we performed an immunoprecipitation for Rb from neural precursor cells, followed by DOC treatment to release the associated E2F activity, and subjected this extract to EMSA (31, 41) (Fig. 2B ). Immunoprecipitation for Rb followed by DOC treatment gave rise to a pattern of free E2F binding activity (Fig. 2B, lane 3 Fig. 2A, lane 2) . This increase appears specific to free E2F1 and E2F3 activity as supershifts with E2F1 and E2F3 antibodies displace the free E2F1 and E2F3 band ( Fig. 2A, lanes 4 and 6) . Thus, together these data provide biochemical evidence that E2F1 and E2F3 are physiological Rb-interacting factors in the developing nervous system in vivo. E2F1 and E2F3 exhibit overlapping patterns of expression in the developing telencephalon in vivo. As E2F1 and E2F3 are both functionally relevant interacting partners in neural precursor cells, we next asked if E2F1 and E2F3 are expressed in the same cell populations in the developing telencephalon. Sections from control tissue at E13.5 and E15.5 were subjected to in situ hybridization for E2F1 and E2F3. At each age, both E2F1 and E2F3 are expressed in similar overlapping patterns (Fig. 3 ). This region of robust expression encompasses both the dorsal and ventral ventricular/subventricular zones where proliferating and newly committed neurons reside (reviewed in reference 25). In addition, at E15.5, the expression of both E2F1 and E2F3 is observed throughout the ganglionic eminences, the region which gives rise to migrating populations of interneurons, interneurons that ultimately exhibit aberrant migration in Rb deficiency (18) . Hence, these data support the hypothesis that E2F1 and E2F3 could each be functional targets in both Rb-mediated proliferation and migration in the developing telencephalon.
Both E2F1 and E2F3 are functional targets in Rb-mediated neural precursor proliferation. Our previous studies have demonstrated that Rb deficiency in the telencephalon leads to ectopic proliferation of neural precursor cells without the widespread apoptosis observed in germ line Rb deficiency (19) . The gross deregulation of E2F1 and E2F3 binding activity in Rb-deficient neural precursors and their overlapping patterns FIG. 2. E2F1 and E2F3 are physiologically relevant Rb-interacting partners in vivo. (A) For EMSA experiments, total protein was extracted from proliferating neural precursors in conditional Rb mutant and controls. Total protein extracts were incubated alone or in the presence of E2F antibodies prior to incubation with double-stranded 32 P-labeled E2F consensus probe. Antibodies used for supershift are indicated above the corresponding lane. In control extracts, Rb is bound to both E2F1 and E2F3 as antibodies to both E2F1 and E2F3 displace the Rb band (lanes 3 and 5). In the absence of Rb, an obvious increase in free E2F1 and E2F3 binding activity is noted compared to control (lane 2; E2F1 and E2F3 supershifts are shown in lanes 4 and 6, respectively). (B) For immunoprecipitation (IP)-EMSA experiments, total protein extracts from control proliferating neural precursors were subjected to immunoprecipitation for Rb followed by DOC treatment to release E2F associated with Rb, as described in Materials and Methods. The released material was subjected to EMSA (lane 3) and assayed for E2F1 (lane 4) or E2F3 (lane 5) binding activity. As controls, IP-EMSA was repeated using control mouse serum in place of Rb-immunoprecipitating antibodies (lane 6) or using Rb-deficient neural precursor protein extracts instead of control extracts (lane 7). Finally, a sample of protein extract was subject to EMSA (lane 1) or directly treated with DOC and then assayed for E2F binding activity (lane 2). ␣, anti; Cond, conditional. of expression in proliferating neural precursor cells in vivo suggest that these E2Fs could be targets in Rb-mediated neural precursor proliferation. To ask if the proliferation defect observed in the absence of Rb could be attributed to deregulated E2F1 or E2F3 activity, we generated mice with (i) compound null mutations for Rb and E2F3 in the telencephalon (Rb E2F3 DKO) and (ii) an absence of Rb in the telencephalon and whole-embryo E2F1 deficiency (Rb E2F1 DKO). Pregnant females were subjected to a BrdU injection 2 h prior to sacrifice at E15.5, and embryonic sections were subjected to BrdU immunohistochemistry. In contrast to the conditional Rb mutant where proliferating cells are observed in the ventricular zone and postmitotic regions, in both Rb E2F1 DKO and Rb E2F3 DKO sections, BrdU-labeled cells were largely confined to the ventricular and subventricular zones with a minor proportion observed in the intermediate zone (Fig. 4A) 4A ; data not shown). Together, these data demonstrate that the absence of either E2F1 or E2F3 in Rb deficiency leads to a rescue of the ectopic proliferation. These findings indicate that E2F1 and E2F3 are each functionally relevant targets in Rb-mediated regulation of neural precursor proliferation and cell cycle exit.
Rb-mediated regulation of radial migration and laminar patterning occurs through interactions with E2F1 and E2F3.
We have recently reported that the loss of Rb leads to defective radial migration and laminar patterning in the developing cortex (18) . Specifically, in the conditional Rb mutant we observe the absence of a clear cortical plate-intermediate zone boundary in histological sections and expanded expression of cortical plate markers into the intermediate zone. To determine whether radial migration and laminar patterning are mediated through the Rb/E2F cell cycle regulatory pathway, we therefore asked whether compound Rb E2F1 or Rb E2F3 deficiency is sufficient to correct the laminar patterning defects observed in the Rb mutant. Sections of Rb E2F1 DKO or Rb E2F3 DKO tissues at E15.5 were stained with cresyl violet. In control tissue, a clear boundary exists between the packed cells of the developing cortical plate and the underlying intermediate zone (Fig. 5) . Compared to the conditional Rb mutant, where the developing cortical plate appeared to be comprised of loosely packed cells that are intermingled with cells of the intermediate zone, both the Rb E2F1 DKO and Rb E2F3 DKO tissues exhibited a cortical plate with a similar structure of densely packed cells and a clear cortical plate-intermediate zone division as the control (Fig. 5) . No defects in laminar patterning were observed in either E2F1 or E2F3 single-deficiency tissue (data not shown). We next asked whether the layer-specific defects we observe in the conditional Rb mutant were also restored. Sections from Rb E2F1 DKO and Rb E2F3 DKO tissues were subjected to in situ hybridization with Tbr1, a layer-specific marker demarcating the preplate and layer 6 from the intermediate zone (6, 29) , which exhibited vivid defects in the conditional Rb mutant (18) . Consistent with the restoration of gross overall morphological structure, sections from Rb E2F1 DKO and Rb E2F3 DKO tissues exhibited Tbr1 expression that was largely confined to the developing cortical plate and exhibited a clear division between the cortical plate and intermediate zone, similar to the division observed in control sections (Fig. 5) . This Tbr1 expression pattern in Rb FIG. 3 . E2F1 and E2F3 exhibit overlapping patterns of expression in the developing telencephalon in vivo. Control E13.5 and E15.5 sections were subjected to in situ hybridization for E2F1 and E2F3 using antisense riboprobes or sense riboprobes as a control. At both time points, both E2F1 and E2F3 are expressed in overlapping patterns in the developing telencephalon. At E13.5 expression of both E2F1 and E2F3 is largely confined to the developing ventricular and subventricular zones comprised of proliferating and postmitotic cells lining the lateral ventricles. At E15.5 expression is highest within the ventricular and subventricular zones, but for both E2F1 and E2F3 expression is also observed similarly throughout the ganglionic eminences ([ge] n ϭ 4 embryos for each E2F). Note the absence of signal in the sense control for each probe. LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence. Bar, 200 m. E2F1 DKO and Rb E2F3 DKO tissues is in contrast to the conditional Rb mutant, where Tbr1 expression is expanded beyond the confines of the cortical plate into the intermediate zone (Fig. 5 ). These data demonstrate that the compound absence of either Rb E2F1 or Rb E2F3 is sufficient to restore cortical structure and laminar patterning. Furthermore, as both the Rb E2F1 DKO and Rb E2F3 DKO mutants are capable of rescuing both the cell cycle and laminar patterning defects, these data are consistent with the interpretation that Rb-mediated radial migration and cortical structure occur as a result of defects in cell cycle regulation. The Rb-mediated requirement for survival of a subset of neurons is partially mediated through the Rb/E2F pathway. While conditional Rb mutants have shown that Rb is not required for widespread neuronal survival, we have recently demonstrated that Rb is required for survival of neurons within the marginal zone of the developing cortex (18, 19, 52) . As E2F1, in particular, is a well-known mediator of survival (reviewed in reference 60), we asked to what extent marginal zone neuronal survival could be mediated through Rb interactions with E2F1 or E2F3. Total cells within the marginal zone were quantified from histological sections stained with cresyl violet of conditional Rb mutant, Rb E2F1 DKO, and Rb E2F3 DKO tissues. Both Rb E2F1 DKO and Rb E2F3 DKO sections exhibited an increased number of marginal zone cells relative to Rb mutants and no difference relative to the control (Fig. 6A) . To determine if this increase was the result of increased survival, we examined cell death by quantifying AC-3-labeled cells within the marginal zone. Consistent with the increase in marginal zone cell numbers, both Rb E2F1 DKO and Rb E2F3 DKO tissues exhibited a decrease in the number of AC-3-labeled cells relative to conditional Rb mutants and no difference relative to the control (Fig. 6B ). These data suggest that E2F1 and E2F3 are both capable of mediating the Rb requirement for neuron survival within the marginal zone.
The marginal zone is a complex layer comprised of a heterogeneous population of cells including Cajal-Retzius (CR) neurons (59, 64) . We have previously demonstrated that the conditional Rb mutants exhibit a specific loss of CR neurons by cell death which contributes to the overall reduction of cells within the marginal zone (18) . Thus, to determine if Rb-mediated neuronal survival is also mediated through Rb interactions with E2F1 and E2F3, we examined CR neurons within the marginal zone in Rb E2F1 DKO and Rb E2F3 DKO tissues. Sections were subjected to immunohistochemistry for reelin, a CR neuron-specific protein (reviewed in reference 64). Whereas both Rb E2F1 DKO and Rb E2F3 DKO sections exhibited increased numbers of reelin-positive cells relative to conditional Rb mutants, fewer reelin-positive cells were observed relative to the control (Fig. 6C) . These data indicate that E2F1 and E2F3 only partially mediate the Rb requirement for CR neuron survival. As CR neurons themselves represent a heterogeneous population of cells (4), these data support the hypothesis that the Rb/E2F pathway mediates survival of a subtype of CR neurons.
E2F3 specifically mediates the aberrant tangential migration of interneurons in Rb mutants. Interneurons are key regulators of neuronal function that act by modulating the activity of major excitatory neural circuits (reviewed in reference 62). Interneuron dysfunction and/or aberrant migration of interneurons during development has been implicated in a wide range of neurological disorders including autism, epilepsy, schizophrenia, and bipolar disorder (3; reviewed in reference 2). In a recent study, we demonstrated that interneurons arising from the ventral telencephalon exhibit aberrant tangential migration to the dorsal cortex in conditional Rb deficiency. Specifically, calbindin-labeled cells, a marker of GABAergic interneurons, are absent in Rb mutants along the marginal zone migratory route that is taken by these cells (18) . As many of the neurodevelopmental defects described in conditional Rb mutants appear to be mediated through both E2F1 and E2F3 and as both are expressed in the ventral ganglionic eminences, where interneurons originate, we questioned whether the E2F pathway could also be mediating migration. To assess the degree to which E2F1 and E2F3 could contribute to the tangential migration defect in conditional Rb mutants, we examined the calbindin cell population along its migratory route in Rb E2F1 DKO and Rb E2F3 DKO tissues (Fig. 7A) . At E15.5, calbindin-labeled cells are reduced or absent along the marginal zone migratory route in Rb E2F1 DKO sections, similar to that observed in the conditional Rb mutant (Fig.  7B) . By contrast, an abundance of calbindin-labeled cells is observed in Rb E2F3 DKO sections along the marginal zone migratory route at the dorsal ventral boundary (Fig. 7B) . Quantification of the number of calbindin-positive cells specifically within the marginal zone indicates that Rb E2F1 DKO sections exhibited significantly fewer calbindin-labeled cells within the marginal zone, similar to that observed in the conditional Rb mutant, while Rb E2F3 DKO sections exhibited no difference in number of calbindin-labeled cells relative to the control (Fig. 7C) . Further, no difference in the distribution of calbindin-labeled cells was observed in single E2F3 deficiency at E15.5 (data not shown).
While these results are suggestive of a specific role for Rb acting through E2F3 in mediating neuronal migration, to rule out the possibility that cell death was involved, we examined both the total number of calbindin-positive cells within the migrating region and the level of apoptosis within the ventral telencephalon in Rb E2F1 DKO and Rb E2F3 DKO tissues. As we have previously observed (18) , quantification of total calbindin-labeled cells revealed no significant differences between the control and conditional Rb mutant. Additionally, we observed no difference between Rb E2F1 DKO or Rb E2F3 DKO embryo and the control or conditional Rb mutants in the total number of calbindin-labeled cells, suggestive of a population of similar size among all groups. We also quantified cell death as measured by AC-3 labeling in the ventral telencephalon including the ventricular zone, where interneurons originate; in the marginal zone and cortical plate, along the route of migration; and points in between (Fig. 8A) . While a low level of cell death was observed overall, consistent with our previous results (19), we observed a small but significant increase in the overall level of cell death in the conditional Rb mutant relative to the control (Fig. 8B) . Quantification of cell death within the same regions of the ventral telencephalon in Rb E2F1 DKO and RbE2F3 DKO tissues revealed similar levels of cell death for each genotype, which was observed at a level between that of the control and the conditional Rb mutant (Fig. 8B) . Together, these results support our interpretation that the specific rescue of calbindin-labeled cells within the marginal zone of Rb E2F3 DKO tissues represents a rescue of the aberrant migration of calbindin-labeled cells in the conditional Rb mutant and is not the result of altered cell death or other defects in the calbindin cell population. Thus, these results reveal a unique function for E2F3 as the Rb target that mediates migration, a function distinct from the role of E2F1. Furthermore, these findings indicate that neuronal migration is mediated via an E2F-dependent mechanism and, hence, point toward novel targets specific for E2F3-mediated transcription.
Rb/E2F3 mediates neuronal migration in a manner beyond cell cycle regulation. Since Rb/E2F interaction is best characterized for its role in cell cycle regulation, our observation that Rb interaction with E2F3 is capable of mediating interneuron migration led us to question whether Rb-mediated migration could be the result of defects in cell cycle control. To address this issue, we performed a thorough analysis by confocal microscopy of the location of proliferating and calbindin-labeled cells in conditional Rb mutants at two developmental time points: at E15.5 when defective migration is observed and at an earlier developmental time point, E13.5. We hypothesized that if the aberrant migration of calbindin interneurons is the result of defects in cell cycle control, then a population of calbindinlabeled cells should be double labeled with BrdU after a standard 2-h pulse. In E15.5 control embryos at low magnification, proliferating cells are seen largely confined to the dorsal and ventral ventricular zones (Fig. 9A, top) . In the conditional Rb mutants, ectopically proliferating cells appear largely confined to the postmitotic region of the dorsal cortex (Fig. 9B, 1Ј ). The dorsal cortex region corresponds to the region where aberrant laminar patterning and radial migration are perturbed, thus further supporting the hypothesis that Rb-mediated regulation of radial migration and cortical structure occurs as a result of defects in cell cycle signaling. By contrast, migrating calbindinlabeled cells are observed in the ventral telencephalon, a distinct neuroanatomical region, beyond the regions of normal and ectopic proliferation (Fig. 9A , rows 2 and 3, and B, rows 2Ј and 3Ј). Using confocal microscopy we examined three distinct regions to see if calbindin-labeled cells were ectopically proliferating: the dorsal cortex (Fig. 9A, row 1, and B, row 1Ј) , where ectopically proliferating cells are observed in conditional Rb mutants; the migratory route within the ventral telencephalon (Fig. 9A, row 2, and B, row 2Ј) , where calbindin labeled cells are aberrantly localized within the conditional Rb mutants; and the ventral ventricular zone within ganglionic eminences (Fig. 9A, row 3, and B, row 3Ј) , where calbindinlabeled cells originate. Close inspection from at least three sections from multiple embryos did not reveal BrdU and calbindin double-labeled cells in either control or conditional Rb mutants in any of the three regions examined.
To determine if calbindin-labeled cells that are migrating at E15.5 were ectopically proliferating at an earlier time point, we performed a similar confocal microscopy analysis of BrdUcalbindin double labeling at E13.5 ( Fig. 9C and D) . At this Rb E2F3 DKO samples exhibit a decreased number of AC-3-positive cells in the marginal zone, similar to that observed in their respective controls. (C) A noticeable increase in reelin-labeled cells was observed in Rb E2F1 DKO and Rb E2F3 DKO tissues relative to the conditional Rb mutant. Reelin-labeled cells were quantified along a 500-m region of dorsal cortex and temporal cortex and expressed as the mean from a minimum of four matched sections per embryo. Whereas conditional Rb mutant tissues exhibit decreased numbers of reelin-labeled cells in the marginal zone, both Rb E2F1 DKO and Rb E2F3 DKO sections exhibit an increased number of cells in the marginal zone relative to the conditional Rb mutant yet still significantly less than that observed in their respective controls. Bars represent mean Ϯ standard errors of the mean (n ϭ 3 for the control and conditional Rb mutant; n ϭ 4 for Rb E2F1 DKO; and n ϭ 5 for Rb E2F3 DKO). In all cases significance was determined using a single-factor analysis of variance with a Tukey posthoc test. * , P Ͻ 0.05. MZ, marginal zone; cond, conditional. Bar, 100 m. (Fig. 9D , row 2Ј). Quantification of ectopically proliferating cells demonstrates a significant increase in ventral ectopic proliferation at this age (Fig. 10) ; however, while several distinct neuronal subtypes exist in this region (reviewed in reference 89), none of these ectopically dividing progenitors was colabeled with calbindin. Specifically, we examined distinct regions at E13. LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; cond, conditional. Bar, 100 m. D) . At E15.5 at low magnification, BrdU labeling is largely observed surrounding the ventricle, whereas calbindin-labeled cells are localized largely in the ventral telencephalon. At higher magnification, ectopic proliferation in conditional (cond) Rb mutant is observed largely confined to the dorsal cortex (B1Ј), while no difference in the low level of BrdU labeling between the conditional Rb mutant and control is observed in the ventral telencephalon (B2Ј and B3Ј versus A2 and A3, respectively). Instead, in this region where BrdU labeling is not detected, an absence of calbindin-labeled cells is observed in the marginal zone, and the absence of calbindin-labeled cells along the marginal zone migratory route in conditional Rb mutants is observed (B2Ј) (arrowheads). By confocal microscopy no BrdU calbindin-double-labeled cells are observed in the telencephalon at any of the three regions examined. At E13.5 ectopic proliferation is prevalent in conditional Rb mutants in the dorsal and ventral telencephalon (D, top panel and 2Ј); however, by confocal microscopy in either control or the conditional Rb mutant, we do not detect BrdU-calbindin double labeling at either the ganglionic eminence, where calbindin cells originate (C1 and D1Ј) or at the future ventro-lateral migratory route (C2 and D2Ј). Double-labeled cells, however, were occasionally observed within the blood vessel-rich pial layer outside of the telencephalon and are likely blood cells. Bar, 100 m.
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at ONTARIO CANCER INST on August 8, 2007 mcb.asm.org region examined. While we cannot unequivocally rule out that aberrantly migrating cells were once ectopically proliferating, since we did not observe calbindin colocalized with BrdU in any region at either time point examined, these data suggest that calbindin-labeled cells have successfully exited the cell cycle in conditional Rb mutants. Hence, our data support the hypothesis that Rb mediates tangential migration through E2F3 in a manner beyond cell cycle regulation. Rb mediates the expression of genes involved in regulating neuronal migration. Our data demonstrating that Rb mediates migration through E2F3 in vivo represent physiological evidence in support of the hypothesis that Rb/E2F could regulate the transcription of novel genes unrelated to cell cycle regulation. In an effort to identify candidate genes, we performed microarray analyses on neural precursor cells from control and conditional Rb mutants derived from the medial ganglionic eminences, the region which gives rise to migrating populations of interneurons which ultimately exhibit aberrant migration in Rb deficiency (18) . We hypothesized that if Rb/E2F3 mediates migration of interneurons in a cell-autonomous manner as our previous data demonstrated (18) , then the absence of Rb would lead to deregulation of genes required to regulate this process. Through our microarray analysis, we have identified several candidate genes that are deregulated in conditional Rb mutants which have been shown to mediate neuronal migration, including migration of interneurons, such as members of the neogenin/netrin/repulsive guidance molecule (RGM) signaling pathway, the semaphorin/neuropilin signaling pathway, and the Slit/Robo pathway (Table 1) . While all candidates remain plausible targets, we have focused our initial attention on neogenin, a cell surface receptor and member of the immunoglobulin superfamily (83) with well-known (72, 87) and hypothesized roles in regulating neuronal migration, including interneuron migration (21) . By microarray, neogenin expression was increased threefold, consistent with the role of E2F3 as a transcriptional activator. We next confirmed this observation through in situ hybridization for neogenin in conditional Rb mutants (Fig. 11) . At E13.5, a moderate increase in neogenin expression in the conditional Rb mutant was observed throughout the telencephalon including the ganglionic eminences (Fig. 11) . At E15.5 this increase in neogenin expression is more pronounced, particularly within the ganglionic eminences, where interneurons originate. Together, these data confirm that absence of Rb leads to deregulation of known genes required for interneuron migration within the population of migrating cells during the time of migration and, in addition, establishes neogenin as a potential target gene in Rb/E2F-mediated interneuron migration.
DISCUSSION
The mammalian nervous system is comprised of a complex array of different cell types and subtypes (reviewed in references 24 and 25). Neurogenesis, the process by which neural precursor cells divide and differentiate to give rise to all the different cell types, occurs in a highly regulated manner (reviewed in references 24 and 25) . The cortex, a model of neurogenesis, is comprised of a series of layers that form in an inside-out manner populated with excitatory projection neurons and inhibitory interneurons (reviewed in reference 25). In both cases, neural precursors divide along the germinal zone lining the ventricles (reviewed in reference 24). Once committed to a neuronal fate, cells exit the cell cycle and leave the germinal zone to migrate toward their final destination with projection neurons migrating radially to form the layers of the cortex and cortical interneurons migrating from the ventral telencephalon along tangential routes into the dorsal cortex (reviewed in references 24, 37, 55, and 56). The fundamental processes of neurogenesis, namely, proliferation differentiation, migration, and maturation, are controlled by the precise coordination of various genetic pathways (reviewed in references 24 and 25). Normal development of the cortex is essential for proper brain function as abnormal development has been hypothesized as an underlying cause in a number of neurological and psychiatric disorders (2, 34-36, 43-45, 71, 76) Numerous studies have demonstrated the pivotal roles that Rb plays in nervous system development, and in addition, much insight has been gained into Rb function itself by studying its role in the nervous system (8, 10, 19, 33, 39, 40, 46, 51-53, 57, 66, 73, 86) . In this study we evaluated the in vivo contributions of E2Fs as regulatory targets for Rb-mediated neurogenesis, and our results herein support a number of conclusions. First, this study establishes that E2Fs are indeed major physiological targets in Rb-mediated neurogenesis, mediating both cell cycle-dependent processes and roles beyond cell cycle regulation. We also demonstrate that functional redundancy exists among E2Fs in regulating cell cycle exit, laminar patterning, and radial migration, as well as cell survival. Finally, our data demonstrating that Rb mediates neuronal migration specifically through E2F3 represent the first physiologically relevant requirement for the Rb/E2F pathway beyond cell cycle regulation in vivo.
E2Fs are physiological targets in Rb-mediated neurogenesis regulating cell cycle-dependent processes and mediating roles beyond cell cycle regulation. Rb is known to interact with numerous proteins, many of which are expressed in quiescent cells or have cell cycle-independent functions. Thus, the search for Rb-interacting proteins in neurogenesis represents a potentially long list (reviewed in reference 67). We hypothesized that members of the cell cycle regulatory E2F family represent functional targets of Rb in neurogenesis in vivo for a number of reasons. First, E2F1 and E2F3 have both been established as Rb targets in regulating neural precursor proliferation as each is capable of rescuing the ectopic proliferation in the CNS in germ line Rb deficiency (75, 81, 93) . While these studies support the hypothesis that E2F1 and E2F3 are targets in Rbmediated neurogenesis, the use of germ line Rb-deficient mice limited the interpretation due to the widespread defects that were the result of non-cell-autonomous requirements for Rb during development (19, 52, 90) . To circumvent this issue, we examined the role of E2F1 and E2F3 as targets in Rbmediated neurogenesis using telencephalon-specific Rb-deficient mice crossed with E2F1-deficient or telencephalonspecific E2F3-deficient mice. It is possible that some of the differences observed between the Rb E2F1 DKO and Rb E2F3 DKO models are due to systemic loss of E2F1 and effects outside the nervous system. The justification for using a telencephalon-specific model of E2F3 deficiency, however, was out of necessity due to the vital role of E2F3 during development (11, 30) . As E2F1 does not have such a vital role (92) , no analogous tissue-specific model of E2F1 deficiency was available.
Here, our results demonstrate that E2F1 and E2F3 are physiologically relevant Rb targets in neurogenesis in vivo. First, we observed that both are expressed in overlapping patterns in the developing telencephalon. In vitro, we showed that Rb interacts predominantly with E2F1 and E2F3 in extracts of neural tissue. The significance of this interaction is demonstrated in vivo where we not only show that E2F1 and E2F3 are targets of Rb-mediated neural precursor proliferation but also establish that E2Fs play a major role as Rb targets in laminar patterning, radial migration, cell survival, and tangential migration of interneurons. As both Rb E2F1 DKO and Rb E2F3 DKO cells are capable of rescuing the proliferation defect, along with the laminar patterning and radial migration defects observed in telencephalon-specific Rb deficiency, our data are consistent with the interpretation that the radial migration and laminar patterning defects may occur as the result of cell cycle deregulation. Rb-mediated tangential migration, however, appears to be mediated specifically through E2F3. Thus, with these results, we establish roles for E2F1 and E2F3 as the physiological targets in Rb-mediated neurogenesis.
Functional redundancy exists among E2F1 and E2F3 in vivo. Our results demonstrate that functional redundancy exists among E2F1 and E2F3 in the context of neural precursor proliferation, cell cycle exit, and survival in vivo. First, we show that E2F3 alone is a positive regulator of neural precursor FIG. 11 . Neogenin, a microarray-identified gene, exhibits deregulated expression in conditional Rb mutants (cond Rb mut). Control and conditional Rb mutant E13.5 and E15.5 sections were subjected to in situ hybridization for neogenin. At both time points, neogenin expression appears increased in the conditional Rb mutant relative to the control. At E13.5 expression appears increased overall including in the ganglionic eminences (arrowheads). At E15.5 this increase in neogenin expression appears more pronounced, particularly within the ganglionic eminences (ge), where interneurons originate (n ϭ 4 embryos for each genotype). Bar, 100 m. The idea that E2Fs are functionally redundant is still debated within the field. In vitro studies have indicated that, individually, E2F1 and E2F3 are capable of regulating the expression of distinct genes, likely as a result of differences within the marked box domain (5, 26) . In the context of Rb interaction, however, it remains unresolved as to whether Rb interaction is equivalent with each E2F (15, 74) . In vivo, absence of either E2F1 or E2F3 results in individual and distinct phenotypes, yet in the context of Rb interaction, both have been shown to rescue many of the proliferation, apoptosis, and midgestational survival defects associated with germ line Rb deficiency (81, 93) . Specificity, however, has been reported to exist in Rb-mediated phenotypes where a unique function for E2F1 has been reported in mediating apoptosis in the Rbdeficient lens and retina (75) . Thus, the function of E2F1 and E2F3 as targets in Rb-mediated neurogenesis should be viewed as context dependent, even within the CNS.
Finally, our observation that E2F1 and E2F3 only partially mediate the Rb requirement for subtype-specific neuronal survival raises a number of questions. First, it is unlikely that the partial rescue in CR neurons in Rb E2F1 DKO or Rb E2F3 DKO cells is related to the E2F3-mediated rescue of Rbmediated tangential migration. While CR neurons have been hypothesized to have roles in regulating tangential migration of interneurons (65) , the decrease in CR neurons observed in conditional Rb-deficient embryos is unlikely to influence migration of interneurons as our previous findings demonstrated that the role for regulating Rb is cell autonomous (18) . Rather, as CR neurons themselves are a heterogeneous population (4), these data support the hypothesis that the Rb/E2F pathway mediates survival of only a subtype of CR neurons. Two possible explanations are hypothesized. First E2F1 and E2F3 may mediate survival of nonoverlapping populations of CR cells that together mediate survival of the entire population of CR cells that is absent in the conditional Rb mutant. Alternatively, it is also possible that other non-E2F Rb-interacting factors are contributing to survival. Id2 is a non-E2F Rb-interacting factor that has been shown to mediate many of the neurological defects arising in Rb mutants, including apoptosis (38); thus, it is possible that E2F and Id2 are acting along parallel pathways to regulate CR neuron survival. The latter is a particularly provocative hypothesis as there is little discussion in the literature about a possible E2F-independent role for Rb in cell survival.
Unique physiological requirement for Rb/E2F3 beyond cell cycle regulation exists in mediating neuronal migration in vivo. Here, we demonstrate that Rb-mediated migration of interneurons is indeed mediated through the E2F pathway, specifically, through E2F3. These results support a model for specificity among E2Fs in nervous system development. Further, it is this specificity of E2F function which underlies the hypothesis that E2F3-specific mediated interneuron migration represents a novel physiologically relevant requirement beyond cell cycle regulation for the Rb/E2F pathway in vivo. In support of this hypothesis, we observe that E2F1 and E2F3 are expressed in overlapping patterns within the ganglionic eminences, where interneurons originate, and that both Rb E2F1 DKO and Rb E2F3 DKO cells are capable of rescuing the proliferation defects, yet only Rb E2F3 DKO cells can rescue the migration defect. In addition, aberrantly migrating interneurons do not incorporate BrdU either during (E15.5) or before (E13.5) migration. While we cannot unequivocally rule out that aberrantly migrating cells were once ectopically proliferating, the absence of double-labeled cells suggests that the population of calbindin interneurons has successfully exited the cell cycle in conditional Rb mutants.
Further support for role for E2F3 beyond cell cycle regulation can be inferred from the known function of E2F3 itself. E2F3 is one of the more intriguing E2Fs as the locus expresses two distinct transcripts: full-length E2F3a, whose expression is cell cycle regulated and acts as a transcriptional activator, and E2F3b, which is expressed equivalently in quiescent and proliferating cells and is a specific partner for Rb in quiescent cells (27, 41) . While it is possible to hypothesize that Rb/E2F3-mediated neuronal migration could be regulated through E2F3b, complementary to our work, it has been shown that a defect in the differentiation of Rb-deficient cholinergic neurons in the retina is mediated through E2F3a (D. Chen, R. Opaskvy, M. Pacal, N. Tanimoto, P. Wenzel, M. W. Seeliger, G. Legne, and R. Bremner, unpublished data), an effect also shown to be cell cycle independent. Thus, together our data suggest a common mechanism through which Rb exhibits roles beyond cell cycle regulation through E2F3 during nervous system development.
Finally, further support for a novel, in vivo function for the Rb/E2F pathway beyond cell cycle regulation comes from our search for novel E2F-regulated target genes in the context of neuronal migration. E2F-mediated regulation of cell cycleindependent genes is an emerging concept. In vivo, studies examining individual E2F-deficient mice demonstrated a vast array of tissue-specific defects in development and differentiation, suggesting that E2Fs may be regulating non-cell cyclerelated genes (reviewed in references 1 and 16). These studies were limited, however, as the individual phenotypes could be the result of E2F acting independently from interactions with Rb. Here, we have performed microarray analysis on neural precursor cells from the medial ganglionic eminences, the region which gives rise to migrating populations of interneurons which ultimately exhibit aberrant migration in Rb deficiency. With this strategy, we identified a number of putative target genes that are deregulated in conditional Rb mutants and that have been shown to mediate neuronal migration, including migration of interneurons. Further, we have validated our microarray results for one candidate gene, neogenin. Neogenin is of particular interest, not only because of its known and hypothesized roles in regulating neuronal migration (21, 72, 87) but also because of its identification through other E2F microarray studies (69) . Even more significant, through sensitive subtractive screening assays, neogenin, was recently shown to be a novel, direct target gene of E2F1, with expression induced in a cell cycle-independent manner (32) . As E2F1 is capable of inducing E2F3 expression, it is possible that these genes may be also induced by E2F3 (reviewed in reference 78). While previous studies have provided evidence in support of roles for the Rb/E2F pathway in regulating cell cycle-independent functions, evidence for deregulation of such genes in vivo has not been reported. Thus, our data demonstrating that Rb interacts specifically through E2F3 to mediate neuronal migration represent the first physiological demonstration that such an in vivo role for the Rb/E2F pathway beyond cell cycle regulation exists.
In conclusion, our results demonstrate that both functionally redundant and unique roles exist for E2F1 and E2F3 in regulating Rb-mediated neurogenesis. As Rb-mediated migration is mediated specifically through E2F3, our results represent a novel, physiologically relevant requirement for the Rb/E2F pathway beyond cell cycle regulation in vivo, pointing toward novel targets specific for E2F3-mediated transcription in the context of neuronal migration.
